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corners formgd by ihe leaf bottom and the edges of the gate 
orifice. The fins struck the downstream slot corners (Figure 9) 
and partly filled the slots with relatively slow moving water. This 
is the same action that occurs in the Shasta gates and no trouble 
o r  maintenance problems have been encountered in the field instal - 
lations. 

5 .  A i r  demand increased rapidly a s  the model operating head was 
raised on the gate (Figures 13 -19). 

6.  A i r  demand, a s  measured through the a i r  inlet system, increased 
a s  the length of the downstream conduit increased (Figure 19 ) .  Par t  
of this r i se  was believed due to a greater  entrainment action in 
the longer conduit. In addition, part of the measured r ise  was due 
to the fact that a greater percentage of the total quantity of a i r  
actually being entrained had to go through the inlet system because, 
as the conduit became longer, it  became more difficult for a i r  to 
move upstream in the fluidway above the water surface. Thus, a 
greater percentage of the actual demand was measured when long 
conduits were used. 

7.  The vital need of aeration to the system was illustrated by 
severe negative pressures and a partial collapse of the 120-inch 
long conduit that occurred when the a i r  supply was cut off during 
a run with a 100-percent gate opening and a 38-foot model head. 

INTRODUCTION 

The "jet-flow gate" is a high head regulating control structure 
(Figure 1) developed in 1946 by the Bureau of Reclamation for u s e  
in the upper and intermediate outlet t iers  a t  Shasta Dam. 11. It 
consists of a movable gate leaf enclosed in a special f rame o r  
housing with a contracting orifice on the upstream side and a 
larger sized opening on the downstream side. The Shasta gates 
were fitted to 102-inch-diameter inlet and outlet conduits and had 
an orifice diameter of 96 inches. Air was admitted into the con- 
duits just downstream from the gates. 

The unique feature of the gate consists of the carefully planned 
contraction of flow a s  water passes through i t .  This contraction 
is obtained by diverging the walls of the approach conduit and then' 
contracting the flow area with a 45-degree converging cone that 
terminated in a circular orifice (Figure 1). In cases where the 

1JRefers to reference at end ~f report.  - 



edge of the leaf produces part of-the contraction. By proper design, 
the required amount of contraction is obtained to allow the jet to 
pass the gate slots before it again touches the conduit walls. Thus 
the flow does not strike the gate slots, and the usual difficulties 
with negative pressures and cavitation at gate slots a r e  avoided. 

Air is required around the jet to maintain the free-flow conditions, 
and provisions must be made for i t s  admission. Tests have shown 
that i f  the a i r  is introduced at  the top of the conduit a t  the down- 
stream face of the leaf, i t  will be drawn into the regions where 
aeration is needed. 

Experiences with the prototype Shasta gates show that the design 
performs extremely well. No operational difficulties o r  unrea- 
sonable maintenance problems have occurred, and operators find 
the gates easy to handle. 

A graph showing discharge coefficients for various gate openings 
for the Shasta gate and conduit system was prepared from model 
study data obtained at the time the final design was evolved (Figure 
1). These coefficients, based upon the conduit a rea  and the r e s -  
ervoir head above the gate, a r e  for the entire outlet conduit system, 
not just for the gate itself. 

In years following the initial development and use of the gates at 
Shasta Dam, the basic design has been extended to other struc- 
tures.  The degree of freedom available in designing the newer 
gates was greater than at Shasta where the conduits were already 
embedded in the dam. Simplifications and design changes have 
therefore been possible. These included using an  orifice of the 
same diameter a s  the approaching pipeline, a conic expanding 
section, a greater vertical drop from the orifice lip to the gate 
frame invert, and larger conduits (or "in some cases, free dis - 
charge) downstream. The 84-inch jet-flow gate for the Trinity 
Dam auxiliary outlet works-is the latest and most advanced of 
these designs (Figures 2 through 5) .  

Detailed information concerning the operating characteristics, 
coefficients of discharge, pressure conditions, and air demand 
at  various gate openings, was desired for this newer design. 
Model studies were made to obtain this information, and dis- 
cussions of the model, the tests, and the results a r e  given in 
this report. 



A 1:14.87 scale model of the Trinity jet-flow gate was obtained 
by using the upstream body of the original Shasta model and by 
adding a new upstream conic expanding section, new side plates, 
a new floor plate, a new leaf, and new downstream body and con- 
duit sections (Figure 6) .  Particular attention was given to the 
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shape of the orifice Lip, the ring seal  just downstream from the 
lip, the gate leaf bottom, and the leaf, wheel tracks, and down- 
s t ream frame. The general geometry of the leaf, t racks and 1 

frame affect the path the a i r  must take to reach and aerate the 
jet. A protractor scale graduated in degrees was attached to 
the top of the gate bonnet below the leaf operating cr.ank so accu- 
rate gate settings could be obtained by appropriate turns of the 
lifting screw. 

A 24-inch-long transparent plastic conduit section downstream 
from the gate allowed flow conditions to be observed inside the 
conduit. Sheet metal sections were added to the plastic conduit 
to make total lengths of 48, 72, 96, and 120 inches. The a i r  
conduit, which is formed by a partition a t  the top of the main con- 
duit, was included in the sections. An air inlet measuring 
station, consisting of a vertical 3-inch pipe fitted with appro- 
priate flat plate inlet orifices, was built onto one 24-inch-long, 
sheet metal section. The a i r  conduit w a s  sealed off at the 
downstream end of this pipe so that all a i r  that entered the 
system came through the orifice meter. The metering section 
was always placed at the downstream end of the pipe system. 

One -sixteenth -inch -diameter piezometers were provided:at the 
reference station ahead of the gate and a t  points within the gate 
and conduit where low pressures were considered possible 
(Figure 6). The pressures acting a t  these points were measured 
by single - and double -leg water manometers andsby a mercury 
manometer. The rate of flow was measured by calibrated 4-, 
6 -, 9 -, .and 1 2  -inch venturi meters  in the laboratory water 
supply system. Very small flows were measured by a laboratory- 
designed and calibrated orifice-venturi meter using 1.250- and 
1. 750 -inch flat plate orifices. Flow was provided by a 12-inch 
centrifugal pump operating alohe, o r  by two 12-inch pumps opera- 
ting in series.  The water leaving the model was directed into 
the laboratory storage reservoir for recirculation. 
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Method of Testing 

Tests were made by setting the gate to the desired opening and 
passing water through it. Measurements were made of water and 
air flow rates with appropriate pressures acting in the system. 
For  the calibration data, at least five discharge settings were 
made at  each gate opening with heads rangin from 20 to 57 feet, 5 model. The data were plotted a s  H versus Q . A straight line 
of best fit was  drawn through the points for each gate opening to 
establish the mean values used in determining the coefficients. 
Several spot checks were made to check the reproducibility of 
the gate settings and data. Reynolds .num e r s  for the test 
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B points ran ed from the lowest of 3.1 x 10 at a 5 percent opening 

to 2.0 x 10 for full opening. These values were based upon the 
diameter of, and the velocity within, the 5. 65 -inch conduit and 
orifice. On the basis of the velocity through the gate opening, 
and on equivalent diameter for the opening, the minimum value 
becomes 2.25 x lo5.  

Tests were first made with the gate discharging freely into the 
atmosphere. Other tests with various. conduit lengths installed 
downstream from the gate showed that a i r  demand was appreciable . 
and that the pressure regime downstream from the gate was 
affected by conduit length and quantity of air supplied. 

Discharge Into the Atmosphere 

The flow under free discharg; conditions a t  vatious gate openings 
is shown in Figure 7. Considerable spray occurred a t  all  openings. 
The pressures to be expected under a 370-foot operating head a r e  
given in Figure 8. Pressure  factors, by which the pressures can 
be determined f ~ r  other prototype heads+are also given. These pres- 

sure factors a r e  dimensionless and a re  defined as hx - h0 where 
Ht - h:! 

h, is the pressure head a t  a particular piezometer, ho is the pres-  
sure  head at the reference station one conduit diameter upstream 
from the gate, kit is the total head at the reference station, (ho + 
hv), and h2 is the pressure head just downstream from the gate. 
The value of h is measured at Piezometer 15, Figure 6, and is 3 atmospheric i no conduit is used. Prototype pressure values 
a r e  obtained by using the factor for the piezometer in question, 
and.introducing into the equation appropriate prototype values of 
Ht and h2 and ho. 
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resulted l'n large changes, perceiltage-wise, in effeztive opening. 
This made accurate positiming of the model leaf imperative in 
order to obtain consistent data. Similarly, accurate positioning 
of the prototype leaf will be imperative to.gbtain reasonable cor-  
relation between actual and computed ou'ilet !*releases. Zero open- 
ing i s  obtained when the bottom upstream edge of the leaf is level 
with the orifice invert. 100-percent openingiis obtained when the * 

leaf bottom is level with the orifice crown. 

A slight flow interference occurs in the gate a t  the beginning of 
I 

the downstream frame, particularly a t  small openings (Figure* SA) . 
Small feathery fins of water form a t  the corners of the jet a s  it 
passes through the control a rea  in the gate. A part of each of 
these fins strikes the downstream frame and is deflected into the .I_- * - -  

slot and track area.  Enough water is deflected to:partly fill the 
slots with turbulent, aerated, relatively slow moving water. 
This action is greatest at small gate openings, particularly a t  
about 5 percent. No damage o r  difficulty is expected on the gate 
due to this minor interference. This is attested by the fact that 
the same interference w a s  present in the Shasta model and pro- 
totype gates, 11 and no trouble has been experienced after 
extensive fielzoperat-ion. 

The coefficient curve based on the orifice (or conduit) a rea  for the 
modern jet -flow gate and upon the head differential across  the 
gate was determined (Figure 10). The coefficients a r e  considered 
appropriate for use for a l l  jet-flow gates of recent design. The 
curve for the Shasta gates, based on the same parameters, also 
appears in Figure 10.  

Because no water is present within the gate bonnet, no water load 
occurs on top of the gate leaf. Similarly, the bottom of the leaf 
is free of water and is subjected only to,an air load. Thus, there 
is no appreciable downpull force on the leaf during gate operation, 
and no heavy Loads a r e  imposed upon the Lifting stems and hoists. 
Movement of the gate leaf is relatively friction-free because the 
leaf is carried on wheels that roll on metal tracks. 'The greatest 
source of friction occurs at the Large circular seal  which is always 
held in contact with the upstream face of the leaf (Figure 5 ) .  

Discharge Into a Conduit - -Free Water Surface 
v 

Tests with various conduit lengths of the same cross-section placed 
downstrean1 from the gate showed that a number of factors affected 



cross-section, 6 . 4 5 1  inches wide and 7 .919 inflies hiih ( ~ i g u r e s  6 
and 12). Lengths ranged from 24 inches to 120 inches, o r  the 
equivalent of 3.72 to 18.58 times the downstream conduit width, D2. 

Small fins of water continued to strike the downstream gate frame 
and r i se  up the sides of the downstream conduit and then fall back 
to the bottom (Figure 9B). Part  of the water was deflected into the 
slots. No difficulty is expected with this minor action. 

Effect of Air System Restrictions. The first  tests were made with 
a conduit 72 inches long. Orifice plates with diameters of 1.00, 
1.50, 1.90, and 2. 75 inches were5used on the a i r  inlet entrance 
to determine the effect of restrictions un the air flow. All tests  
were made with the gate 100 percent open and at model heads 
ranging from 10 to 50 feet. The 1.00 -inch orifice showed a def - 
inite restrictive effect (Figure 13). A much less restrictive 
effect occurred with the 1.50-inch orifice. Little difference 
occurred between the' 1 . 9 0  - and the 2.75 -inch orifices. The 
appearance of the jet was not materially affected by these dif- 
ferent restrictions in the air supply system. 

To reduce the number of test variables and to ease analysis of 
the data all subsequent tests were run with the same orifice 
plate. The 1.90-inch orifice was selected for the purpose because 
i t  provided reaso~able  differentials for low-flow measurements, 
without producing appreciable restrictive effect at high flows. 

Effect of Head. An increase in model operating head, and hence 
discharge, had the effect of appreciably increasing the air demand 
and the ratio of air flow to* water flow (Fjgures 13 through 19). 
Also the quantity of spray around the jet increased rapidly as the 
model head increased. Conversely, .increases in upstream head 
produced decreases in head in the conduit just downstream from 
the gate. This was expected because a s  greater quantities of 
air a r e  carried away by the water and spray a t  higher flows, v- 

lower pressures must neceszarily result in the downstream con- 
duit. 

Effect of Gate Opening. As the gate was opened from fully closed 
to the 50tpercent opened position, air demand increased, partic - 
ularly a t  the 25 - and 40 -foot heads (Figures 14 through 18). The 
flow in a 24-inch-long conduit with a 40-foot head, x i s  shown in 
.Figure 11. Further opening at  the 25 and 40 -foot heads produced 
a condition where the water jet occasionalZy became relatively 



The air demand was affected by the jet changes and was greatest  
when the sp ray  was greatest.  The unstable region is indicated in 
the curves of Figures. 15 through 1'8. No surging o r  appreciable 
p ressure  variations occurred in  the hyd$aulic system iYhile the 
unstable conditions were being experienced. At a 60~percent  
gate opening the flow became stable again and the a i r  demand 
dropped to that experienced a t  a 40-percent opening. The demand 
progressively increased a t  70-, 80 -, and 90 -percent openings, and 
then rose  rapidly to the peak demand at the 100-percent-opening. 

Runs made with a 10-foot model head did not produce the unstable 
conditions a t  the 50 - to 60 -percent gate openings, and did not pro - 
duce an intermediate peak demand at  these openings. 

Effect of Conduit Length. Several lengths of downstream conduit 
were tested to determine the effect of length upon air'demand, and 
to  insure having sufficient length to obtain satisfactory repre -  
sentation of the ve ry  long prototype cond:rit. Data obtained in 
these t e s t s  a r e  applicable only to the typeFof jet released by a jet- 
flow gate, and to the conduit cross-sectional shape and a r e a  
ra t ios  used. 

The ra te  of flow through the air inlet system followed e r ra t i c  
patterns as the conduit length was increased (Figure 19). Gener - 
al ly s imilar  patterns occurredat  25-  and 40-foot heads at  a 100- 
percent gate opening. In these cases  the-air  degand increased 
as the conduit was lengthened to about 7 D2, then dropped 
slightly a s  the conduit was further lengthened to about 12 D2. 
A general r i s e  in  demand occurred with further lengthening 
between 12 D2 and 18.5 7 D2 the maximum length tested. The 
10-foot head data showed a different pattern with a peak demand 
a t  about a 12 D2 conduit length and lower demands with shor ter  

nd l o ~ g e r  conduits. 

uite different patterns occurred with 50percen t  gate openings a t  
the 25 - and 40-foot heads. S h a r p  r i s e s  in  d,emand accompanied 
conduit lengthening up to about 12 D2. Wi.th the 40-foot head, a ; 

more  gradual r i s e  followed up to the 18.58 D2 length. The 25-foot 
head data showed a peak demand a t  a 15 D2 length and a drop with 
further lengthening. The 10 -foot head, 50-percent gate opening 
data showed about the same'pat tern as did the 100-percent gate 
opening. In all cases,  the demand at 50-percent gate opening 
was much l ess  than for the 100-percent opening. 



of theSsystem k s  supplied by air' entering at' the outlet end,of 
the conduit and moving upstream along the top of the fluidway. 
This reentrant air was  particularly noticeable with the shortest 
conduits; however, even with a conduit length of 18.58 D2, a smal l  
part of the total air demand appeared to be obtained in this manner.  

In summary, the type of jet emanating f rom the gate and the geom- 
etry ox the conduit downstream apparently interact to produce a i r  
demands-that vary  errat ical ly a s  the conduit length is changed. 
Stable, predictable conditions were not completely achieved, 
even with a conduit 18.58 D2 long. It did appear, however, that 
further increases in length would have only minor effect upon the 
air demand, and further t e s t s  were deemed unnecessary. 

Effect of Closing Air Inlet. Drastic pressure  reductions occurred 
in  the gate and conduit system when the air flow through the inlet 
was severely restricted. Tests  were made with the 120 -inch-long 
conduit, a 37.8-foot model head, and with the gate wide open. The 
discharge was 7. 35 cfs, and the upstream conduit piezometric 
pressure  was 10. 10 feet. The a i r  flow was slowly res t r ic ted  by 
sliding a cover over the opening of the 1.90-inch-diameter air 
inlet orifice. P r e s su re s  immediately lo wered throughout the 
system. The downstream conduit began to collapse when the 
pressure  in it  reached minus 17 feet. The reference station 
pressure  reached minus 7 feet. The a i r  inlet restriction was 
quickly removed to avoid more extensive damage. The tes t  served 
a s  a graphic example of the importance of adequate aeration 
of prototype gates discharging into tunnels s o  that satisfactory 
pressure  gradients will be maintained and so  that cavitation and 
other damage will be avoided. 

Effect of Froude Number. Kalinske and Robertson 2/ have shown 
that the ra te  of air entrainment in a hydraulic jump% a circular  
pipe is related to the entering Froude number minus 1 -(Figure 20). 
Prototype outlet works a i r  demand data obtained by the United 
States Corps of Engineers 31 also shows a relationship, and a 
suggested design curve has-been presented (Figure 20). The 
model data f rom the Trinity jet-flow gate is shown on the same 
plot, and conforms generally to the Kalinske and Robertson data. 

I p 
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Interpretation of th2 Trinity model resul ts  in t e rms  of prototype 
performance mustibe approached with caution. Fi rs t ,  there was 
no hydraulic jumpjin the conduits and a i r  pumping was due to 
insufflation and~lbundary  drag. Secondly, the velocities used 

















A. Gate 20% open B. Gate 40% open 

C. Gate 60% open D. Gate 10070 open 
JET FLOW GATE 

Trinity Auxiliary Outlet Works 
Free Discharge From Gate - 40 -Foot Head 





Figure 
Report 

A. Free discharge into atmosphere. HT = 40 feet 

B. Discharge into conduit. HT = 40 feet 

JET FLOW GATE 
Trinity Auxiliary Outlet Works 

Flow Interference at Downstream Frame - 5% open 
1 :14.87 Scale Model 





A. Gate 20% open B. Gate 40% open 

C. Gate 60% open 

JET FLOW GATE 
Trinity Au~ciliary Outlet Works 

Flow With 24-Inch Long Conduit - 40-Foot Head 

D. Gate 100% open 



A. Gale 20% open B. Gate 4070 open 

C. Gate 6070 open D. Gate 10070 open 

JET FLOW GATE 
Trinity Auxiliary Outlet Works 

Flow With 48-Inch Long Conduit - 40 -Foot Head 
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